Transport of fermions is central in many fields of physics. Electron transport runs modern technology, defining states of matter such as superconductors and insulators, and electron spin, rather than charge, is being explored as a new carrier of information [1] . Neutrino transport energizes supernova explosions following the collapse of a dying star [2] , and hydrodynamic transport of the quark-gluon plasma governed the expansion of the early Universe [3] . However, our understanding of non-equilibrium dynamics in such strongly interacting fermionic matter is still limited. Ultracold gases of fermionic atoms realize a pristine model for such systems and can be studied in real time with the precision of atomic physics [4, 5] . It has been established that even above the superfluid transition such gases flow as an almost perfect fluid with very low viscosity [3, 6] when interactions are tuned to a scattering resonance. However, here we show that spin currents, as opposed to mass currents, are maximally damped, and that interactions can be strong enough to reverse spin currents, with opposite spin components reflecting off each other. We determine the spin drag coefficient, the spin diffusivity, and the spin susceptibility, as a function of temperature on resonance and show that they obey universal laws at high temperatures. At low temperatures, the spin diffusivity approaches a minimum value set by /m, the quantum limit of diffusion, where is the reduced Planck's constant and m the atomic mass. For repulsive interactions, our measurements appear to exclude a metastable ferromagnetic state [7] [8] [9] .
Understanding the transport of spin, as opposed to the transport of charge, is of high interest for the novel field of spintronics [1] . While charge currents are unaffected by electron-electron scattering due to momentum conservation, spin currents will intrinsically damp due to collisions between opposite spin electrons, as their relative momentum is not conserved. This phenomenon is known as spin drag [10, 11] . It is expected to contribute significantly to the damping of spin currents in doped semiconductors [12] . The random collision events also lead to spin diffusion, the tendency for spin currents to flow such as to even out spatial gradients in the spin density, which has been studied in high-temperature superconductors [13] and in liquid 3 He- 4 He solutions [14, 15] . Creating spin currents poses a major challenge in electronic systems where mobile spins are scattered by their environment and by each other. However, in ultracold atoms we have the freedom to first prepare an essentially non-interacting spin mixture, separate atoms spatially via magnetic field gradients, and only then induce strong interactions. Past observations of spin currents in ultracold Fermi gases [16, 17] were made in the weaklyinteracting regime. Here we access the regime near a Feshbach resonance [5] , where interactions are as strong as allowed by quantum mechanics (the unitarity limit). We measure spin transport properties, the spin drag coefficient Γ sd and the spin diffusivity D s , of a strongly interacting Fermi gas composed of an equal number of atoms in two different spin states. In the strongly-interacting regime, spin drag is expected to reach a universal maximum value, and spin diffusion is expected to reach a universal minimum.
The universal behaviour of the spin transport coefficients of a Fermi gas can be estimated on general grounds. At the Feshbach resonance, the scattering cross-section σ between atoms of opposite spin is given by the square of the matter wavelength, in the degenerate regime σ ∼ 1/k 2 F , where k F = (6π 2 n) 1/3 is the Fermi wavevector and n is the density of atoms in each spin state. The mean free path between collisions is thus l = 1/nσ ∼ 1/k F or about one interparticle spacing, the smallest possible mean free path in a gas. The average speed v of atoms is on the order of the Fermi velocity k F /m. In estimating the spin diffusivity D s ≈ vl the density-dependent factors cancel, giving D s ≈ /m. This value for D s represents a universal quantum limit to spin diffusivity in Fermi gases. Away from resonance, the scattering cross section decreases, increasing D s . For temperatures T much greater than the Fermi temperature T F = 2 k 2 F /2mk B , the scattering cross section will be given by the square of the thermal de Broglie wavelength and thus decrease as σ ∝ 1/T , while the velocity will increase as v ∝ √ T , causing D s to increase as D s ∝ T 3/2 . Finally, in a degenerate Fermi gas the average velocity will remain on the order of the Fermi velocity, but the effective scattering cross section will scale as σ ∝ T 2 due to Pauli blocking, causing D s to increase like T −2 as the temperature is lowered. For a Fermi gas, we thus expect the minimum D s to occur at temperatures near the Fermi temperature. Correspondingly, the coefficient Γ sd characterizing spin drag is expected to reach a universal maximum value on resonance and for temperatures near the Fermi temperature, given by the Fermi rate E F / , where E F = 2 k 2 F /2m is the Fermi energy.
In the experiment, we prepare an equal mixture of the two lowest hyperfine states ("spin up" and "spin down") of fermionic 6 Li in a cylindrically symmetric atom trap [4, 5] . The confinement along the axis of symmetry is harmonic, with frequency ω z . We separate the two spin components along the axis of symmetry of the trap (see Methods Summary) and turn on strong interactions between unequal spins by quickly ramping the magnetic field to a Feshbach resonance located at 834 G. The confining potential of the trap forces the two clouds of opposite-spin atoms to propagate towards each other, establishing a spin current. Measurements are made by selectively imaging the two spin components. Figure 1 shows the collision between the two spin domains on resonance. The clouds bounce off each other and essentially completely repel. Due to the axial trapping potential, the clouds return after the collision, and we observe several oscillations in the displacement d = z ↑ − z ↓ , where z ↑(↓) is the center of mass of the spin up (down) cloud. After the oscillations have decayed, the displacement decreases to zero monotonically, on a timescale on the order of one second, an extremely long time compared to the trapping period (44 ms). The underlying explanation for spin current reversal and the slow relaxation can be found in the extremely short mean free path and the high collision rate between oppositespin atoms at unitarity. According to the above estimate, the spin diffusivity is approximately /m, which for 6 Li is (100 µm) 2 /s. The atom clouds in the experiment have a length on the order of 100 µm, and it takes them on the order of a second to diffuse through each other. So we are indeed observing quantum-limited spin diffusion. The initial bounces will occur when the mean free path of a spin up atom in the spin down cloud is smaller than the spin down cloud size, i.e. when the mixture is hydrodynamic. Instead of quickly diffusing into the spin down region, it is then more likely that the spin up atom is scattered back into the spin up region where it can propagate ballistically. Indeed, we see bounces occur already for interaction strengths away from the Feshbach resonance where the mean free path is on the order of the axial cloud size (see Supplementary Information).
The relaxation dynamics close to equilibrium give direct access to the spin transport coefficients. The spin drag coefficient Γ sd is defined as the rate of momentum transfer between opposite spin atoms [10] , and is therefore related to the collision rate. The relaxation of the displacement d near equilibrium then follows the differential equation [18] 
Fitting an exponential with decay time τ to the displacement gives the spin drag coefficient as Γ sd = ω 2 z τ . The spin drag coefficient is found to be greatest on resonance, and thus spin conduction is slowest (see Supplementary Information). On dimensional grounds, Γ sd must be given by a function of the reduced temperature T /T F times the Fermi rate E F / . At high temperatures, we expect the spin drag coefficient to obey a universal scaling Γ sd ∼ nσv ∼ T −1/2 . In fig. 2 we show the spin drag coefficient as a function of T /T F . We observe
At lower temperatures, we observe a crossover from classical to non-classical behavior: the spin drag coefficient reaches a maximum of approximately 0.1E F / near the Fermi temperature. We interpret this saturation of the spin drag coefficient as a consequence of Fermi statistics, as σ and v approach constant values [16] determined by the Fermi wavevector k F . The maximum spin drag coefficient corresponds to a minimum spin conductivity σ s = n mΓ sd on the order of k F / . This is the slowest spin conduction possible in three dimensions in the absence of localization. At low temperatures, the spin drag coefficient decreases with decreasing temperature. No theoretical prediction for the spin drag coefficient exists in this regime. For highly-imbalanced spin populations, a decrease in the spin drag coefficient is expected due to Pauli blocking [19] , which reduces the collision rate in the gas by a factor of (T /T F ) 2 at sufficiently low temperatures. However, for systems with equal spin populations, it was shown that pairing correlations enhance the effective collision rate for collective excitations, leading to a collision rate that increases dramatically as the temperature is lowered [20] . The observed reduction of Γ sd at low temperatures contrasts with this prediction, and is qualitatively consistent with the onset of Pauli blocking.
Comparing the relaxation rate to the gradient in spin density allows us to also measure the spin diffusivity D s . At the center of the trap, where the trapping forces vanish, the spin current density J s is given by the spin diffusion equation [21] 
where n ↑ (↓) is the density of spin up(down) atoms. We calculate the trap-averaged spin current as
where the densities are evaluated at the trap center.
We find that spin diffusivity is minimum when interactions are resonant (see Supplementary Information). The increase in spin diffusivity for positive scattering length a, as well as the decrease in spin drag, argues against the existence of a ferromagnetic state in repulsive Fermi gases, for which diffusion should stop entirely [7, 9, 22] . Figure 3 reports the measured spin diffusivity as a function of temperature at unitarity. In the high-temperature limit on resonance, one expects D
From measurements on spin quadrupolar oscillations in highly spin-imbalanced mixtures it is known [23] that the resulting crossover from diffusive to ballistic motion occurs below T /T F ≈ 0.1. However, below T /T F ≈ 0.17 a balanced gas is superfluid and spin transport possibly inhibited by the superfluid to normal interface [21] . When comparing these results to theoretical calculations, it is important to account for the inhomogeneous density distributions and velocity profiles that result from the trapping potential. For a homogeneous system on resonance, and at high temperatures compared to the Fermi temperature, we predict D s = 1.11 m (T /T F )
mation). The measured spin drag coefficient is smaller by a factor of 0.90/0.16(1) = 5.6(4) while the spin diffusivity is larger by about the same factor, 5.8(2)/1.11 = 5.3 (2) . This factor reflects the inhomogeneity of the system and agrees with an estimate from the Boltzmann transport equation (see Supplementary Information) .
Finally, the measured transport coefficients give for the first time access to the temperature-dependence of the spin susceptibility χ s (T ) in strongly interacting Fermi gases. Defined as χ s = ∂(n ↑ −n ↓ ) ∂(µ ↑ −µ ↓ ) , the spin susceptibility describes the spin response to an infinitesimal effective magnetic field or chemical potential difference µ ↑ − µ ↓ applied to the gas, and is a crucial quantity that can discriminate between different states of matter [8] . In a magnetic field gradient, particles with opposite spin are forced apart at a rate determined by the spin conductivity σ s , while diffusion acts to recombine them. The balance between the processes of diffusion and conduction therefore determines the resulting magnetization gradient, a connection expressed in the Einstein relation χ s = σ s /D s [9] . In calculating this ratio from observable quantities, the relaxation time τ cancels, as both σ s and D s are proportional to 1 τ , yielding
where
is evaluated near the trap center. The inhomogeneous trapping potential has practically no effect on the measurement of χ s , as all quantities involved refer to the vicinity of the center of mass. Figure 4 reports our findings for the spin susceptibility at unitarity, as a function of the dimensionless temperature T /T F . At high temperatures, we observe the Curie law χ s = n/T . In this classical regime of uncorrelated spins, the susceptibility equals the (normalized) compressibility of the gas κ = ∂n/∂µ that we also directly obtain from our profiles.
At degenerate temperatures, the measured susceptibility becomes smaller than the compressibility. This is expected for a Fermi liquid, where χ s = describing the density (s) and spin (a) response. The spin susceptibility is expected to strongly decrease at sufficiently low temperatures in the superfluid regime, as pairs will form that will not break in the presence of an infinitesimal magnetic field. For the temperature range of our experiment this behaviour is not yet observable. It is currently under debate whether the strongly interacting Fermi gas above the superfluid transition temperature is a Fermi liquid [24] or a state with an excitation gap (pseudo-gap) [25, 26] . The opening of a gap in the excitation spectrum would be revealed as a downturn of the spin susceptibility below a certain temperature. Such a downturn is not observed in χ s down to T /T F ≈ 0.2, of an ideal Fermi gas at zero temperature. For temperatures below the Fermi temperature, the susceptibility becomes suppressed relative to the compressibility, due to interactions between opposite-spin atoms. The spin susceptibility coincidentally matches the compressibility of a non-interacting Fermi gas (dashed line) in the range of temperatures that we could access. (b) Red circles: spin susceptibility divided by the compressibility obtained from the same clouds. At temperatures above the Fermi temperature, the ratio of spin susceptibility to compressibility approaches unity (dashed line).
and therefore our spin susceptibility data agree down to this point with the expected behavior for a Fermi liquid.
In conclusion, we have studied spin transport in strongly interacting Fermi gases. The spin diffusivity was found to attain a limiting value of about 6.3 /m, establishing the quantum limit of diffusion for strongly interacting Fermi gases. Away from resonance the diffusivity increases. This casts doubt on the possibility of stabilizing a ferromagnetic gas on the repulsive side of the Feshbach resonance [7] , which would require a vanishing diffusivity [9] . The observed slow relaxation of spin excitations is a likely explanation for the surprising -possibly non-equilibrium [21] -profiles in imbalanced Fermi gases observed at Rice [27] , which did not agree with equilibrium measurements at MIT [28, 29] and at the ENS [23] . Our measurements of the temperature dependence of the spin diffusivity at low temperatures disagree with the expected behavior of a Fermi liquid, while the spin susceptibility that we measure is consistent with a Fermi liquid picture. An interesting subject of further study is whether spins are still able to diffuse through the superfluid, or whether they travel around it, avoiding the superfluid due to the pairing gap.
Methods Summary
The spin mixture is initially prepared at 300 G. To separate the spin components, we ramp the total magnetic field to 50 G, where the magnetic moments of the two spin states are unequal, and apply two magnetic field gradient pulses. We then bring the total magnetic field to the Feshbach resonance in about 2 ms.
To reach low temperatures during the approach to equilibrium, evaporative cooling is applied, at 834 G, by gradually lowering the depth of the optical dipole trap. To reach high temperatures, we heat the atoms by switching off the optical dipole trap for up to 3 ms to allow the atoms to expand before recapturing them. We then set the final depth of the dipole trap so that the atom number and the temperature remain nearly constant during the approach to equilibrium.
Spin selective imaging is performed via in situ absorption or phase contrast imaging using two 4 µs imaging pulses separated by 6 µs. These images give the column densities of each spin state, from which we obtain the three-dimensional density via an inverse Abel transform [29] . The gradient in the spin density is obtained from a linear fit to the polarization versus z.
We determine the temperature of the clouds by fitting the density versus potential energy in the vicinity of z = 0, but for all r, to the equation of state of the unitary Fermi gas, measured recently by our group [30] . The trapping potential itself is determined by summing the densities of hundreds of clouds, using the known axial, harmonic trapping potential to convert equidensity lines to equipotential lines and fitting the result to an analytic model.
Universal Spin Transport in a Strongly Interacting Fermi Gas
Supplementary Information
DEPENDENCE ON INTERACTION STRENGTH
We study the dependence of the spin transport properties of the system on interaction strength by ramping to a variable final field in the vicinity of the Feshbach resonance and measuring the subsequent evolution of the system. Figure 5 shows the results of colliding two clouds at different fields, revealing the transition from transmission of the clouds through each other to reflection of the clouds as the mean free path becomes smaller than the cloud size. When the scattering length is set to zero (Fig. 5.a) , the center of mass separation oscillates at the trap frequency ω z . On resonance (Fig. 5.g ), the observed oscillation frequency of 1.63(2) ω z is intermediate between the frequency 1.55 ω z of the axial breathing mode of a unitary Fermi gas in the hydrodynamic limit [5] and the non-interacting value of 2 ω z , as the system contains a hydrodynamic region at the center, and is non-interacting in the spin-polarized wings. Figure  6 shows the spin transport coefficients versus interaction strength. The spin drag coefficient exhibits a maximum on resonance (6.a), while the spin diffusion coefficient is minimum on resonance (Fig. 6.b) . 
IMAGE ANALYSIS
The experiment takes place in a trapping potential of the form
where r = x 2 + y 2 . Here z is the symmetry axis of the trap, and we image along the y axis. From each run of the experiment we obtain two-dimensional column densities n 2d σ (x, z) of both spin states σ =↑, ↓. Fitting a two-dimensional Gaussian to each column density provides a measurement of the center of mass of each spin state. We subtract the z components of the centers of mass of the two spin states to obtain the separation parameter d = z ↑ − z ↓ . The three-dimensional densities n σ (r, z) are obtained using a numerical implementation of the inverse Abel transformation (similar to [31] ):
For each line of constant z, the values of n σ (r i , z) with small i are sensitive to noise in n 2d σ (x j , z) for small j. To reduce noise, we fit a one-dimensional Gaussian to n 2d σ (x j , z), for each value of z and for j < 4 (corresponding to the innermost 5 µm of the clouds or less than a tenth of the Fermi-radius), and use this fit (with sub-resolution sampling to reduce discretization error) in the above formula.
The temperature is determined by analyzing the densities n σ (r, z) for |z| < 60 µm (as the 1/e radii of the clouds range from 100 to 400 µm, this restriction excludes the more polarized, large z, regions of the clouds). We obtain the temperature of each cloud by fitting the density versus potential energy V to
mk B T , T is the temperature, µ is the chemical potential, and f is a universal function defining the equation of state of the unitary Fermi gas [30] , with µ and T as the fit parameters.
MEASUREMENT OF TRANSPORT COEFFICIENTS
Near equilibrium, d decays exponentially, and we fit the measured values to
The spin drag coefficient is then
To non-dimensionalize this quantity we multiply by and divide by the Fermi energy E F = 2 2m (3π 2 n( 0)) 2/3 , where
is the total three-dimensional density at (r, z) = (0, 0). After fitting to d(t) to obtain τ , we obtain the spin diffusivity from each spin up-spin down image pair as
is the spin density gradient. The spin density gradient is obtained from the slope b of a linear fit to the polarization p(z) = n ↑ −n ↓ n ↑ +n ↓ as a function of z at r = 0 using the formula g = b · (n ↑ ( 0) + n ↓ ( 0)).
The Einstein relation provides the spin susceptibility as
Although derived using transport coefficients, the final expression for χ s does not actually depend on the relaxation time τ , so it gives an independent value of χ s from each run of the experiment. with the thermal de Broglie-wavelength λ. For unitary interactions, T a = 0, and the latter limit applies. Define the Fermi energy as E F = 2 2m (6π 2 n 0 ( 0)) 2/3 . In the unitary limit where σ = λ 2 we find
For a uniform system α = 1, while for a harmonically trapped system with a uniform drift velocity we find α = 2 3/2 . However, the drift velocity profile cannot be uniform: Even if it started out uniform, spin currents would get damped faster in the center of the overlap region of the two clouds, where the collision rate is high, than in the wings, where it is low. A non-uniform drift velocity profile will develop. The nature of the linearized Boltzmann equation allows for a variational principle where trial functions replacing the true distribution function f σ ( r, v) yield upper bounds on the actual spin drag coefficient [33] . Minimizing Γ sd for a trial class of non-uniform drift velocities v d (r) = v d0 (1 − n 0 (r) γ /n 0 (0) γ ) yields γ → 0. In this case α = 2 5/2 ≈ 5.7. The spin diffusivity measured in our experiment for T T F is then
The bulk value for α = 1 represents a lower bound on the diffusivity. It is known from similar calculations that in the high-temperature limit, this lower bound should be within a few percent of the actual bulk value [33] . The effect of inhomogeneities in a harmonic, cylindrically symmetric trap increases the diffusivity by α ≈ 5.7. The high-temperature result for the diffusivity has been obtained independently by Georg Bruun [34] .
